INTRODUCTION
After the formation of the first luminous sources, an ultraviolet (UV) background radiation field was built up as the energetic photons traveled through the surrounding primordial gas. The photons ionized the neutral primordial hydrogen and helium atoms formed by recombination, and the universe entered the reionization era (cf. Barkana & Loeb 1999; Bromm & Larson 2004) . These photons were produced by the first stars (Population III (Pop III) stars), primordial galaxies, and early miniquasars that formed from halos of gas collapsing under the action of gravitational forces between baryons and dark matter. The gravitational energy resulting from the adiabatic collapse was dissipated by radiative cooling processes. The primary cooling agent for temperatures below 8000 K was molecular hydrogen (Saslaw & Zipoy 1967; Peebles & Dicke 1968) . H 2 , therefore, played a critical role in the evolution of primordial halos and the subsequent formation of the first generation of luminous sources.
The UV photons from these sources ionized the intergalactic medium (IGM) and modified the chemistry that created and destroyed the hydrogen molecules. Feedback mechanisms, enhancing and suppressing the efficiency of subsequent star formation, may have occurred (Haiman et al. 1996 (Haiman et al. , 1997 (Haiman et al. , 2000 Kitayama et al. 2001; Yoshida et al. 2003) .
Molecular hydrogen was formed in the early universe by the H − reaction sequence
in which electrons behaved as catalysts. The process of associative detachment (Equation (2)) was introduced by Dalgarno (cf. Pagel 1959) and McDowell (1962) pointed to it as a source of H 2 in the interstellar medium. The electrons produced by photoionization increase the production of H 2 and constitute a positive feedback. A negative feedback arises from the photodissociation of H 2 by UV radiation between the Lyman limit (13.6 eV) and the threshold for absorption in the Lyman and Werner systems of H 2 (11.18 eV), followed by spontaneous radiative decay into the vibrational continuum. The negative feedback may therefore be amplified by the photodetachment of H − (Chuzhoy et al. 2007; Glover 2007) , Chuzhoy et al. (2007) estimated the magnitude of a radiative feedback effect due to the photodetachment of H − by introducing a suppression factor
where β 3 is the H − photodetachment rate for a given radiation field, k 2 is the rate coefficient for associative detachment (Reaction (2)), and n H is the number density of atomic hydrogen. The abundance of H − is thereby reduced by F b , hence suppressing the production of H 2 . This expression ignores the effect of the removal of H − by mutual neutralization (Dalgarno & McCray 1973) :
In their analysis, Chuzhoy et al. (2007) employed the commonly adopted H − photodetachment cross section, from a fit to the results of Wishart (1979) , which includes only non-resonant contributions as shown in Figure 1 . H − has two discrete levels: the ground state is 1 S e , while the other bound level has 3 P e symmetry whose decay to the ground state is spin forbidden (Bylicki & Bednarz 2000) . As such H − has no discrete spectrum, but in the continuum region, H − has a strong series of broad and narrow auto-detaching resonances, for photon energies greater than ∼11 eV (Rau 2002; Stancil et al. 2010) .
We have revisited the photodetachment of H − and obtained accurate cross sections based on a hybrid approach of R-matrix calculations, incorporation of high-resolution crosssection measurements, and previous theoretical results (B. M. McLaughlin et al. 2010, in preparation) . We then constructed a photodetachment cross section, displayed in Figure 1 , which is Wishart (1979; dashed) ; with resonances from B. M. McLaughlin et al. (2010, in preparation; solid) . The shape resonance just above H(n = 2) is prominent at about 11 eV. A narrow Feshbach resonance is evident below H(n = 2), and there are other less-prominent Feshbach resonances below H(n = 3) near 12.8 eV. Also shown are blackbody spectra for temperatures from 5000 to 100,000 K (dotted).
obtained after a number of oscillator strength sum rules are selfconsistently satisfied (B. M. McLaughlin et al. 2010, in preparation) . The new cross section is in good agreement with the results of the eigenchannel R-matrix study of the auto-detaching resonances by Sadeghpour et al. (1992) , and use of the latter would not change the conclusions presented below.
In this Letter, we point out that the H − auto-detaching resonances provide an additional contribution to the radiative feedback considered by Chuzhoy et al. (2007) , which should be included in models of high-redshift halo evolution. In the following section, we estimate the resonant contribution in three high-redshift scenarios that are relevant to the reionization epoch following the formation of the first stars.
RESONANT PHOTODESTRUCTION
To estimate the effect of the auto-detaching resonant contribution to radiative feedback, we partition photodetachment into the continuum background (b) and resonant (r) contributions. If the rate due to the background is β b 3 and that due to the full cross section is β r+b 3 , their ratio R gives the enhancement factor due to the resonances only
Similarly, a ratio of H 2 suppression factors can be written
where F r is the resonant contribution to H 2 suppression. Here we have followed the approach of Chuzhoy et al. (2007) and neglected the mutual neutralization process (Equation (5)). For any meaningful suppression of the rate of formation of H 2 , we would expect the ratio β 3 /n H k 2 1, so that This is the case if fiducial values of the ionization fraction (x) and the fraction of escaping ionizing photons (f esc ) are adopted as in Equation (10) of Chuzhoy et al. (2007) . Therefore, the total H 2 suppression factor is given by F = F b × F r , within the approximations discussed above.
Pop III Radiation and Recombination
Radiation from Pop III stars will photoionize the primordial gas in halos in which the stars are formed, and in the gas beyond. The resulting protons recombine producing a spectrum whose photons have energies less than 10.25 eV (case B recombination for H), but greater than 0.755 eV. The negative feedback proposed by Chuzhoy et al. (2007) is the photodetachment of H − by the recombination photons, yielding a suppression factor of F b ∼ 800 (for x = 0.1, f esc = 0.1). The Pop III stars also produce a blackbody continuum with a significant flux of photons less than the Lyman limit (13.6 eV). Depending on the mass of the Pop III star, inclusion of the blackbody spectrum as a source of H − photodetachment could increase the suppression by factors of 1.1 to ∼ 10 (see Figure 2 in Chuzhoy et al.) , increasing as the stellar effective temperature T eff decreases. The suppression factor arising from the blackbody continuum is enhanced compared to that due to the recombination photons because as T eff is decreased, fewer photons contribute to H photoionization, but the Planck spectrum overlap with the H − photodetachment cross-section peak, near 1.5 eV, is enhanced as illustrated in Figure 1 .
The enhancement factor R for resonant photodetachment is shown in Figure 2 as a function of the Pop III stellar effective temperature where only photon energies less than the Lyman limit are included. The resonant contribution is seen to increase the H 2 suppression factor F r for T eff > 1000 K reaching asymptotically R ∼ F r ∼ 1.2 as T eff exceeds 100,000 K. 5 The behavior of R can be understood by comparing the blackbody spectrum to the photodetachment cross sections as shown in Figure 1 . As T eff increases, a larger fraction of photons reside in the region of the resonances compared to the photodetachment cross-section peak near 1.5 eV. For example, the blackbody radiation field enhances the suppression factor to F b ∼ 1600 at 40,000 K (Chuzhoy et al. 2007 ) with the resonant contribution increasing this by another 20%. Figure 2 displays the H − photodetachment rates corresponding to the cross section of B. M. McLaughlin et al. (2010, in preparation) , which includes the resonant enhancement, with and without the Lyman limit cutoff. Comparison is made to the rate computed with the Lyman limit cutoff using the fit to the non-resonant cross section of Wishart (1979) . The differences in the rates are negligible for T eff < 25,000 K, but increase with increasing T eff .
A Smooth Power-law UV Spectrum
On cosmological scales, the accumulated UV spectrum due to a large number of sources, or to an early miniquasar, is typically represented by a simple power law of the form
where J 21 is the intensity in 10 −21 erg cm −2 Hz −1 sr −1 , E ph is the photon energy, E H is the ionization energy of H, and α is the power-law index. For α = 1.7, typical of a miniquasar, Chuzhoy et al. (2007) found that the H 2 suppression is enhanced by a factor of ∼5 over that due to recombination photons, assuming that the power-law field extends down to the H − photodetachment threshold of 0.755 eV. Enhancements to the photodetachment rate due to the autodetaching resonances are shown in Figure 3 , where we have considered α = 0.1-5 and various photon energy windows. In addition to miniquasars with α ∼ 1.7, typical power-law indices for quasars, massive black holes, and the high-redshift IGM are ∼0.5-0.7, ∼1, and ∼0.7-1, respectively. For the largest range in photon energies (0.75-1000 eV), the enhancement is seen to be small approaching only 4% for the flattest spectra. However, it might be unrealistic to assume that the radiation intensity extends down to the H − threshold for very steep spectral indices or for sources that emit primarily in the UV. Some authors only considered photon energies greater than 13.6 eV 0 1 2 3 4 5 6 7 8 9 10 11 12 13
Photon energy ( Figure 4 . IGM sawtooth spectrum at z ∼20 (long dashed) compared to an α = 0.7 power-law spectrum (dotted) and H − photodetachment cross sections (same as Figure 1 ). See the text for a description of the sawtooth spectrum. Note the H − resonance between the Lyα and Lyβ features of the IGM spectrum.
for photoionization models due to quasar spectra (Donahue & Shull 1991; Thoul & Weinberg 1996) or greater than the Lyman-Werner band threshold (11.18 eV) when modeling radiative feedback (Haiman et al. 2000) . To include the H − resonant and Lyα energies, we computed photodestruction rates for E ph > 10 eV with and without the Lyman limit cutoff which resulted in significant resonant enhancement factors of R ∼1.8 and 1.4-1.7, respectively. With a Lyman limit cutoff, the photodetachment rate integral is constrained to a narrow photon energy bin and is therefore relatively insensitive to the power-law index. Conversely, without a Lyman limit cutoff, the photodetachment rate integral can sample the higher-energy cross section away from the resonances which reduces the enhancement factor for smaller α. However, as α is increased R approaches the Lymanlimit value, as the steeper spectral profile favors photon energies near the resonances.
IGM Background with H Sawtooth Absorption Modulation
While the use of power-law spectra is computationally convenient, a fraction of the UV photons will be removed from the IGM spectrum as radiation is transported through the partially neutral IGM. As in the interstellar medium of the Galaxy, photoionization of H will remove nearly all the photons with energies greater than the Lyman limit, and redshifted resonant Lyman lines will carve out flux from the IGM spectrum. We assume that all sources turn on simultaneously at some redshift z, the sources are distributed uniformly in space, and the emission spectrum is given by a power law (Haiman et al. 1997) .
To construct a complete IGM spectrum to cover photon energies accessible for H − photodetachment, we combined the z ∼ 20 spectra presented in Yoshida et al. (2003) from 11-13.6 eV and that given in Haiman et al. (1997) from 6-11 eV with the α = 0.7 power law from 0.75-6 eV. For other power laws, we appropriately scaled the full hybrid spectrum. The resulting α = 0.7 sawtooth spectrum is shown in Figure 4 , with the α = 0.7 power-law spectrum shown for reference. The two H − photodetachment cross sections are also shown. Interestingly, the H − resonance lies in the window between the Lyα and Lyβ IGM spectral features. Because the powerlaw and IGM spectra are similar over most of the photon energy range, the resonant enhancement is expected to be comparable for the two cases. In fact, R for the IGM spectrum for 0.75-13.6 eV is nearly identical to the enhancement computed for the 0.75-1000 eV power-law spectrum shown in Figure 3 giving only a modest 4% enhancement for the smallest powerlaw index. However, if we truncate the IGM photon energy range to 10-13.6 eV, the enhancement factor varies slowly between 1.3 and 1.4, somewhat less than the comparable smooth power-law cases, but still significant.
CONCLUSIONS
Cosmology is now a precision science and if the observations of the early universe are to yield a comprehensive view of its evolution, an accurate detailed account of the atomic and molecular processes that occurred must be constructed. Following the formation of the first stars, Pop III stars, which are assumed to be massive, hot, and luminous, the subsequent role of their radiation on their host primordial halos and the surrounding IGM likely had a significant impact on subsequent primordial star formation. Whether this radiative feedback effect was positive or negative, i.e., enhancing or suppressing the efficiency of star formation, is not fully understood and therefore a topic of considerable current interest.
It has been suggested by Chuzhoy et al. (2007) that H − photodetachment contributes a significant enhancement to a negative feedback effect. We point out in this Letter that the H − auto-detaching resonances, which occur for photon energies near 11 eV, can provide an additional negative feedback contribution. While the resonant contribution is not large for steep power-law spectra extending into the near infrared, it is significant for blackbody spectra with effective temperatures exceeding ∼40,000 K and for the UV background spectrum of the high-redshift IGM. If the background radiation field, after the formation of the first luminous objects, was dominated by miniquasars, or similar sources, there may have been a significant negative radiative feedback effect on the creation of H 2 , its cooling efficiency, and on the ability of the residual primordial gas to coalesce into another generation of primordial stars. 6 Therefore H − photodetachment and its auto-detaching resonances should be accurately treated in radiation-hydrodynamic simulations of primordial halos, particularly in the early reionization epoch. S.M. and P.C.S. acknowledge support from NSF Grant AST-0607733, while A.D. acknowledges NSF Grant AST-0607532.
